The responsiveness of neurons in the primary visual cortex (V1) is substantially reduced after a few seconds of visual stimulation with an effective pattern. This phenomenon, called pattern adaptation, is uniquely cortical and is the likely substrate of a variety of perceptual after-effects. While adaptation to a given pattern reduces the responses of V1 neurons to all subsequently viewed test patterns, this reduction shows some specificity, being strongest when the adapting and test patterns are identical. This specificity may indicate that adaptation affects the interaction between groups of neurons that are jointly activated by the adapting stimulus. We investigated this possibility by studying the effects of adaptation to visual patterns containing one or both of two orientations-the preferred orientation for a cell, and the orientation orthogonal to it. Because neurons in the primary visual cortex are sharply tuned for orientation, stimulation with orthogonal orientations excites two largely distinct populations of neurons. With intracellular recordings of the membrane potential of cat V1 neurons, we found that adaptation to the orthogonal orientation alone does not evoke the hyperpolarization that is typical of adaptation to the preferred orientation. With extracellular recordings of the firing rate of macaque V1 neurons, we found that the responses were not reduced by adaptation to the orthogonal orientation alone nearly as much as by adaptation to the preferred orientation. In the macaque we also studied the effects of adaptation to plaids containing both the preferred and the orthogonal orientations. We found that adaptation to these stimuli could modify the interactions between orientations. It increased the amount of cross-orientation suppression displayed by some cells, even turning some cells that showed cross-orientation facilitation when adapted to a blank stimulus into cells that show cross-orientation suppression. This result suggests that pattern adaptation can affect the interaction between the groups of neurons tuned to the orthogonal orientations, either by increasing their mutual inhibition or by decreasing their mutual excitation.
Introduction
Thanks to a sophisticated mechanism of light adaptation, the signal transmitted from the retina to the rest of the brain is largely independent of the overall light intensity. Rather than depending on the luminance present in a visual scene, this signal grows with the visual contrast, which is the local variation in luminance relative to the overall mean luminance (Shapley and Enroth-Cugell, 1984) . Light adaptation allows the subsequent stages of visual processing to concentrate on various attributes of the visual patterns, with little concern for the overall illumination, and ultimately allows one to see equally well under a wide range of illumination conditions.
A different mechanism of visual adaptation makes its first appearance in the primary visual cortex (V1). The responses of V1 neurons-which are selective for visual attributes such as position, shape, orientation, direction and speed-are far from constant over time, being substantially reduced after a few seconds of stimulation (Maffei et al., 1973) . This reduction is known as pattern adaptation or as contrast adaptation (to distinguish it from light adaptation), and is uniquely cortical. Indeed it is essentially absent in subcortical neurons (Ohzawa et al., 1985; Shou et al., 1996) , and it can be elicited through either eye even when the cortical neurons receive subcortical input from only one eye (Maffei et al., 1986) .
Pattern adaptation in V1 is most likely responsible for a variety of after-effects that can influence the perception of stimulus size or orientation (Blakemore and Campbell, 1968; Gilinsky, 1968; Pantle and Sekuler, 1968) , or other stimulus attributes (see review in Graham, 1989) . A classical demonstration of an after-effect in the orientation domain is illustrated in Fig. 1 , derived from work by Blakemore and colleagues. After about 30 s of exposure to the two tilted gratings on the left, inspection of the two vertical gratings on the right results in the illusory perception of tilt in the directions opposite to the ones observed during the adaptation period.
The traditional explanation for these perceptual after-effects is essentially based on two assumptions: (1) perception is the result of a weighted sum of the outputs of sensory neurons; and (2) prolonged stimulation with a visual pattern 'fatigues' those sensory neurons that are best tuned to that pattern (Graham, 1989) . After prolonged stimulation with a certain pattern, perception would be biased away from the pattern, because the neurons tuned to the pattern respond less strongly than they would in normal conditions (Blakemore and Campbell, 1968) .
A difficulty with the fatigue explanation comes from the physiology of V1 neurons. Movshon and Lennie (1979) reported two decades ago that adaptation to a spatial frequency on one flank of a neuron's tuning curve depresses the responses to test stimuli on that flank more than on the other flank. The effects of adaptation on V1 cells are thus not the same for all test stimuli. Indeed, there is now a large literature (partly cited in Section 4) indicating that adaptation can affect the tuning of the cells for various stimulus parameters. This literature can be summarized as follows. First, a pattern presented in a cell's receptive field has to be effective in driving the cell in order to elicit adaptation. Second, adaptation to a given pattern reduces the responses to all subsequently viewed test patterns. Third, this reduction shows some specificity, being strongest when the adapting and test patterns are identical.
An alternative to the fatigue hypothesis is the theory of adaptation to contingencies proposed by Barlow and Fö ldiák (1989) , Barlow, 1990 Barlow, , 1997 . According to this theory, cortical neurons would adapt selectively to contingencies in the pattern of activity they receive, through a mechanism that increases the amount of mutual inhibition (or decreases the amount of mutual excitation) between cells that are simultaneously active. This mechanism would explain the specificity of adaptation observed in single neurons; the specificity would result from the simultaneous activity of the tested neuron and of a population of other neurons, the population varying with the adapting stimulus. In principle, this mechanism of adaptation to contingencies could also explain a variety of perceptual phenomena (Barlow and Fö ldiák, 1989; Barlow, 1990 Barlow, , 1997 .
To investigate whether adaptation affects the interaction between specific groups of neurons that are jointly activated by the adapting stimulus, we studied the effect of adaptation to visual patterns that contain one or both of two orthogonal orientations. Because neurons in V1 are sharply tuned for orientation, orthogonal orientations are processed by groups of neurons that are essentially nonoverlapping (De Valois et al., 1979; Movshon et al., 1986; Gizzi et al., 1990; Bonhoeffer and Grinvald, 1991) . There is however evidence for mutual interactions between the two groups and these interactions are considered to be largely inhibitory (Morrone et al., 1982; Bonds, 1989; Heeger, 1992; Carandini et al., 1997b) . It is not known if these interactions can be modified by adaptation to visual patterns.
Our results can be summarized as follows. First, adaptation to a stimulus whose orientation is appropriate for driving a cat V1 neuron causes a hyperpolarization of the neuron's membrane, while adaptation to an orthogonal stimulus does not cause such a hyperpolarization. Second, adaptation to the orthogonal orientation reduces the firing rate responses of macaque V1 neurons much less than adaptation to the preferred grating alone or to the plaid obtained by summing the preferred and orthogonal gratings. Third, adaptation to the plaid containing both orientations can increase the amount of cross-orientation suppression in macaque V1, to the point of turning some neurons that show cross-orientation facilitation into neurons that show cross-orientation suppression. These results indicate that while adaptation to the individual orientations mainly affects separate groups of neurons, both in the cat and in the monkey, adaptation to the two orientations together can affect the interactions between the two groups. In Section 4 we will speculate that pattern adaptation is the result of two mechanisms. One of these mechanisms is in its effects akin to fatigue; it is based on a tonic hyperpolarization and decreases the responsiveness of a cell to all visual stimuli. The other is as hypothesized by Barlow and Fö ldiák (1989) ; it is based on an increase in mutual inhibition (or a decrease in mutual excitation) between groups of cells, and decreases the responsiveness of those cells to particular stimulus configurations that are similar to the one used to induce adaptation.
Methods
The data in this paper were obtained in two recent research projects on pattern adaptation in V1. The first project involved intracellular recordings from the cat cortex and was aimed at uncovering the biophysical basis of adaptation (Carandini and Ferster, 1997) . The second project involved extracellular recordings in the macaque cortex and studied the effects of adaptation to stimuli containing multiple orientations (Carandini et al., 1997a) . The paper presents some previously unpublished results from the first study and a novel analysis of the data in the second study. The methods for the two studies are summarized here for reference.
The effects of adaptation were studied by measuring the responses of visual cortical cells to test stimuli of different contrasts (presented in random order), while the cells were in different states of adaptation. The state of adaptation was controlled by presenting the adapting stimulus first in a long continuous exposure (20 -30 s), and then for brief (4 s) 'top-up' exposures between test stimuli (Movshon and Lennie, 1979) . Stimuli were sinusoidal gratings drifting at 2 -6 Hz, or plaids obtained by summing two gratings. Stimuli lasted 4 s, were presented monocularly and had the same mean luminance.
Intracellular
Whole-cell patch recordings in current clamp mode were obtained from barbiturate-anaesthetized, paralyzed adult cats (Carandini and Ferster, 1997; Jagadeesh et al., 1997) . Stimuli were presented on a gamma-corrected oscilloscope (mean luminance 15 cd/ m 2 ) using an image generator (Innisfree, Cambridge, MA). Adapting stimuli were: (1) a 47% contrast grating with the preferred orientation for the cell under study; (2) a 47% contrast grating with the orthogonal orientation; (3) a very low (1.5%) contrast grating with the preferred orientation (to which is loosely referred to as a 'blank'). Only one type of test stimulus was used, the 'preferred' grating. Blocks with different adapting stimuli were alternated, and each block was run at least three times.
Extracellular
Single-cell extracellular recordings were obtained from opiate-anesthetized, paralyzed adult macaque monkeys (Levitt et al., 1994; Carandini et al., 1997a) . Stimuli were generated by a Truevision ATVista graphics controller (752×582 pixels, 107 Hz) and displayed on a gamma-corrected Nanao T560i monitor (mean luminance 72 cd/m 2 ). Adapting stimuli were: (1) a blank screen; (2) a grating with the preferred orientation for the cell under study; (3) a grating with the orthogonal orientation; and (4) the plaid obtained by summing the two gratings. The contrast of the adapting stimuli was 25 or 50% for each component. Non-blank adaptation conditions were arranged in arbitrary order, and each was preceded by a blank adaptation condition and followed by rest periods (12-20 min of blank screen stimulation) and by a blank adaptation condition to ensure that recovery was complete. Test stimuli were the grating with the preferred orientation and the plaid obtained by summing to it the orthogonal grating. The contrast responses to these stimuli were measured three to four times for each adaptation condition.
Results
We first present data on the membrane potential responses of cat V1, comparing the effect of adaptation to the preferred orientation with those of adaptation to an orthogonal orientation. Then we present data from the firing rate responses of macaque V1, comparing the effects of adaptation to the preferred orientation, to the orthogonal orientation, and to a plaid containing both orientations.
Adaptation and hyperpolarization
The firing rate responses of a typical cat simple cell to drifting gratings of different contrasts are illustrated in Fig. 2A . These responses were obtained with an optimal grating when the cell was adapted to a 1.5% contrast grating. Because this contrast is quite low (even for cat cells), it is here loosely referred to as a 'blank'. The responses were essentially unaffected by adaptation to a high contrast grating orthogonal to the cell's preferred orientation (Fig. 2B) . The responses were instead substantially reduced by adaptation to a high contrast grating with the preferred orientation (Fig. 2C ). More contrast was needed to reach a given response in this condition than in the first two conditions. Fig. 2 . Intracellularly recorded responses of a cat simple cell to optimal drifting gratings presented at six different test contrasts in three different adaptation conditions. A -C, Period histograms of the spike responses after adaptation to: (A) the 'blank' stimulus (Section 2); (B) a grating oriented orthogonal to the preferred, and (C) a grating with the preferred orientation. D, Cycle averages of the membrane potential after adaptation to the three stimuli. Thin traces are adapted to 'blank' stimulus, thick traces adapted to preferred (black) and orthogonal (gray) gratings.
The membrane potential responses underlying these firing rate responses are illustrated in Fig. 2D . Simple cells respond to drifting sinusoidal gratings with membrane potential fluctuations that are nearly sinusoidal (Jagadeesh et al., 1997) . The effects of adaptation on the membrane potential responses can be seen by comparing the thin traces obtained with adaptation to the 'blank' to the thick traces obtained with adaptation to the high contrast gratings. The main effect of adaptation with the grating of preferred orientation (thick black traces) was to hyperpolarize the cell, shifting each trace down by 1-8 mV. Adaptation with the grating of orthogonal orientation (thick gray traces) did not hyperpolarize the cell. At some test contrasts it actually caused a depolarization, shifting the traces up by 2 -3 mV.
The effects of pattern adaptation on the responses of a V1 cell can be summarized by plotting some response measures derived from the firing rate and from the membrane potential against the stimulus contrast. For the cell in Fig. 2 , these contrast responses are illustrated in Fig. 3 .
The contrast responses measured during adaptation to the 'blank' stimulus are indicated by open circles. The contrast response measured from the mean firing rate (Fig. 3A) is typical of V1 cells, being sigmoidal in shape, valued close to zero for very low test contrasts, and almost constant for high test contrasts. Increasing test contrast had two main effects on the membrane potential of the cell. First, it increased the size of the stimulus-driven membrane potential modulation (Fig.  3B) , which is the amplitude of a 4 Hz sinusoid fitted to the responses in Fig. 2D . This quantity grows from about 1 mV at 2% contrast to almost 15 mV at 64% contrast. Second, it increased the mean membrane potential (Fig. 3C) by around 5 mV, from around −70 mV to around − 65 mV.
The effects of adaptation to the grating with preferred orientation are illustrated by the filled triangles. Adaptation to this stimulus substantially reduced the firing rate responses, shifting them so that higher contrasts were needed to obtain comparable responses. This effect is entirely in line with previous findings (Movshon and Lennie, 1979; Ohzawa et al., 1982; Albrecht et al., 1984; Ohzawa et al., 1985; Sclar et al., 1989) . The reduction in firing rate responses is accompanied by a reduction in the size of the stimulus-driven membrane potential modulation at intermediate test contrasts (Fig. 3B ) and in the mean membrane potential at all but the highest test contrasts (Fig. 3C) . The hyperpolarization caused by adaptation to a grating with preferred orientation is typical of simple cells, and has been reported before (Carandini and Ferster, 1997) .
By contrast, the effects of adaptation to the orthogonal grating (filled squares) were minor. The firing rate was essentially unchanged (Fig. 3A) , and so was the size of the stimulus-driven membrane potential modulation (Fig. 3B) . Adaptation to the orthogonal grating did not hyperpolarize the membrane: On the contrary, it depolarized the membrane slightly increasing the mean membrane potential (Fig. 3C) .
The lack of hyperpolarization caused by adaptation to an orthogonal grating was consistently displayed by all eight cells tested this way. Data from four of these cells (in addition to the one in Figs. 2 and 3) are illustrated in Fig. 4 . All of these cells displayed a clear hyperpolarization when adapted to the grating with the preferred orientation (triangles). None of the cells displayed hyperpolarization when adapted to the orthogonal grating (squares). Instead, two of them displayed a slight depolarization similar to that of the cell in Figs. 2 and 3. The remaining three cells in the sample (not shown, two complex, one simple) gave noisier responses and did not exhibit clear signs of adaptation even to the preferred stimulus.
In simple cells, the hyperpolarization caused by adaptation to the grating with preferred orientation is larger if the subsequent test stimulus has low contrast than if it has high contrast. This effect can be observed in both of the simple cells presented here, in Fig. 3C and Fig. 4A , and is commonly observed in simple cells but not in complex cells (Carandini and Ferster, 1997) . Because the hyperpolarization in simple cells tends to be largest for test contrasts approaching zero, it is essentially tonic, independent of visual stimulation after the presentation of the adapting stimulus.
Adaptation and cross-orientation suppression
We have found that the orthogonal grating alone is generally not effective in eliciting adaptation. Does its presentation as an adapting stimulus affect the subsequent responses of a cell in any way? To answer this question we investigated the effects of adaptation to the plaid obtained by summing the two gratings. These effects were studied as part of an experiment (Carandini et al., 1997a) aimed at testing the theory of adaptation to contingencies proposed by Barlow and Fö ldiák, which was mentioned in the Introduction. We measured the firing rate responses of V1 cells in the macaque to two different stimuli; a grating with the preferred orientation and the plaid obtained by summing an orthogonal grating to it. We subsequently adapted the cells to one of three stimuli in turn, the preferred grating, the orthogonal grating, and the plaid, and observed how this adaptation affected the contrast responses.
An example of the results of these experiments is illustrated in Fig. 5 . The cell is a complex cell, and when adapted to the blank stimulus (Fig. 5A ) gave robust responses to both the preferred grating (open symbols) and the plaid obtained by summing an or- Fig. 3 . Contrast response curves derived from the data in Fig. 2 . A, The mean firing rate response. B, The modulation of the membrane potential at the stimulus frequency; C, The mean membrane potential. Error bars are twice the standard error of the mean over different blocks. thogonal grating to it (filled symbols). After adaptation to the preferred grating (Fig. 5B) , both responses were substantially reduced. Adaptation to the orthogonal grating (Fig. 5C ) had a much milder effect, consistent with the previous intracellular findings. Adaptation to the plaid (Fig. 5D) instead had a strong effect, stronger on the responses to the plaid (filled symbols) than on the responses to the preferred grating (open symbols).
In an effort to describe the strength of adaptation with a single measure, an adaptation index was considered (Carandini et al., 1997a) . This index is the ratio between the sum of the unadapted responses to a given test and the sum of the adapted responses to the same test, these sums being computed over all different test contrasts. In geometric terms, the index is the ratio of the areas under the unadapted and adapted contrast response curves. For example, for the cell in Fig. 5 , the adaptation index for a plaid adaptor measured with grating stimuli is given by the area under the open symbols in Fig. 5A divided by the area under the open symbols in Fig. 5D . The areas were computed from hyperbolic-ratio curves fitted to the data (Albrecht and Hamilton, 1982; Albrecht et al., 1984; Sclar et al., 1989) , so that one could compare adaptation conditions even if when the test contrasts used were different. Bootstrap estimates (Efron and Tibshirani, 1991) were performed to obtain means and standard deviations for the measurements. For this purpose, the data obtained in individual blocks of test stimuli were treated as independent random variables.
The adaptation indices obtained with the three types of adapting stimulus and the two types of test stimulus for the sample of eight cells that were tested in the previous study (Carandini et al., 1997a) are illustrated in Fig. 6 . The adaptation indices were all greater than one, implying that adaptation always reduced the responses. Fig. 6 (panel A) shows that the data in this study agree with the data obtained intracellularly in the cat. The effects of adaptation to the preferred grating tended to be much stronger than those of adaptation to the orthogonal grating. This was the case for both types of test stimuli, the preferred grating (open symbols), and the plaid (closed symbols).
In Fig. 6 (panel B) the effect of adaptation to the plaid and to the preferred grating is compared. Because the plaid is the sum of the preferred grating and of an orthogonal grating, its stimulus energy is higher. If the strength of adaptation were a simple monotonic func- tion of the stimulus energy, it would be higher for the plaid than for the preferred grating, and the data points would occupy the area to the left of the diagonal identity line. Instead, it was found that the strength of adaptation tended to depend on the stimulus used: in many cases, the responses were reduced more by adaptation to the preferred grating (abscissa) than by adaptation to the plaid (ordinate).
While adaptation to the plaid was not always the strongest condition, it had an effect on the cells that was not shared by adaptation to the individual components; it tended to increase the amount of cross-orientation suppression shown by the cells, and it even turned some cells that showed cross-orientation facilitation into cells that showed cross-orientation suppression. For example, when adapted to the blank stimulus the cell in Fig. 5 showed cross-orientation facilitation: it gave responses to the plaid that were slightly but significantly larger than the responses to the grating (Fig.  5A ). This was still the case also after adaptation to the preferred grating (Fig. 5B) . When adapted to the plaid, instead, the cell showed cross-orientation suppression; it gave responses to the plaid that were smaller than the responses to the grating (5D).
To study whether this effect was shared by other cells in the sample, we defined an index of cross-orientation interaction, which bears close resemblance to the adaptation index. The index of cross-orientation interaction is the ratio between the sum of the responses to the plaid and the sum of the responses to the preferred grating, these sums being computed over all different test contrasts. For example, for the cell in Fig. 5 , the index of cross-orientation interaction measured during adaptation to a given stimulus is given by the area under the closed symbols divided by the area under the open symbols. The index is greater than one when there is cross-orientation suppression, i.e. adding an orthogonal grating to the preferred grating reduces the responses. It is smaller than one when there is cross-orientation facilitation, i.e. adding an orthogonal grating to the preferred grating increases the responses.
Using the index of cross-orientation interaction, it was found that in five of the cells (out of eight) crossorientation suppression was stronger after adaptation to the plaid than after adaptation to a blank stimulus. This is illustrated in Fig. 7 , where the abscissa represents the index when the cells are adapted to the blank stimulus, and the ordinate represents the index when the cells are adapted to the plaid (Fig. 7A) , to the orthogonal grating (Fig. 7B) , and to the preferred grating (Fig. 7C) . Points that lie to the left of the diagonal identity line correspond to cells in which cross-orientation suppression was stronger when adapted to one of the visual patterns than when adapted to the blank stimulus. In panel A, corresponding to adaptation to the plaid stimulus, there are five points that lie in this region, and the remaining three points lie on the identity line. While the sample is much too small to derive conclusions about neuronal populations, the error bars associated with our measurements are generally small, and allow one to make statements about the individual cells. In particular, the figure shows that for three cells adaptation to the plaid changed the sign of the interaction between orientations. The index of cross-orientation interaction for these cells changed from being less than one when adapted to the blank (indicating facilitation) to being more than one when adapted to the plaid (indicating suppression).
These effects were not obtained by adaptation to either the preferred or the orthogonal gratings alone. In the six cells that were tested during adaptation to the orthogonal grating (Fig. 7B ) the points either lie on the identity line or to the right of it, indicating that crossorientation suppression was either unaffected by adaptation, or it was actually reduced. The effects of adaptation to the preferred grating (Fig. 7C) on the degree of cross-orientation suppression were noisier, with many of the error bars approaching or touching Fig. 6 . Strength of adaptation to the preferred grating, the orthogonal grating, and the plaid, measured in eight cells in macaque. V1. Data from Carandini et al. (1997a) . For each cell, the adaptation index is the ratio between the sum of the unadapted responses to a given test and the sum of the adapted responses to the same test, with the sums being computed over all different test contrasts. Abscissas represent the adaptation index when adapted to the preferred grating, ordinates represent adaptation index obtained with adaptation to the orthogonal grating (A) and with the plaid obtained by summing the two gratings (B). Indices were measured with preferred grating (open symbols) and plaid (filled symbols) as a test stimulus. Semicircles are used when two symbols overlap. Error bars indicate two standard deviations (bootstrap estimates). Two cells were not adapted to the orthogonal grating, and do not appear in A. Diagonal lines indicate the identity. the diagonal identity line. Overall, these effects were mixed; cross-orientation suppression was increased in four cells, unchanged in two and decreased in the remaining two. In no case however did adaptation to the preferred grating change the sign of the interaction between orientations. For example, cells that showed cross-orientation facilitation when adapted to the blank stimulus showed similar or increased cross-orientation facilitation when adapted to the preferred grating.
Discussion
Neurons in the primary visual cortex are sharply tuned for orientation, to the point of being largely unresponsive to orientations that are orthogonal to their preferred orientation. There are however interactions between stimuli of different orientations, and the response to the preferred orientation can be modified by adding an orthogonal grating to the stimulus to form a plaid (Morrone et al., 1982; Bonds, 1989; Heeger, 1992; Carandini et al., 1997b) . Stimulation with the plaid stimulus excites two populations of neurons at the same time, tuned to orthogonal orientations (De Valois et al., 1979; Movshon et al., 1986; Gizzi et al., 1990; Bonhoeffer and Grinvald, 1991) . We have studied the effects of prolonged stimulation with patterns containing the orthogonal orientation, and compared them with previously known effects of pattern adaptation. First, we found that whereas adaptation to the preferred orientation causes a hyperpolarization in the membrane potential of the neurons (Carandini and Ferster, 1997) , adaptation to the orthogonal orientation alone does not cause such a hyperpolarization. Second, we have shown a similar effect in the firing rate responses of monkey V1 neurons, which were not reduced by adaptation to the orthogonal orientation alone nearly as much as by adaptation to the preferred orientation. Third, we have shown that adaptation to plaids containing both the preferred and the orthogonal orientations can increase the amount of cross-orientation suppression displayed by a cell, turning some cells that showed cross-orientation facilitation when adapted to a blank stimulus into cells that show cross-orientation suppression.
The scarce effects of adaptation to the orthogonal orientation that we observed in the membrane potential of cat V1 neurons and in the firing rate of monkey V1 neurons are consistent with previous measurements of the firing rate of cat V1 neurons. Vautin and Berkeley (1977) found no effect of adaptation with a grating orthogonal to the preferred orientation on the firing rate responses to a grating drifting in the preferred direction. Hammond et al. (1989) systematically varied the orientation of the adapting stimulus and found that the reduction in the responses was maximal when the adapting grating was oriented in the cell's preferred orientation. Finally, Allison and Martin (1997) studied the effect of adaptation to a variety of gratings on the contrast responses measured with preferred gratings, and found that it was weakest when the adapting grating was orthogonal to the preferred grating. Vautin and Berkeley (1977) suggested that the magnitude of the reduction in response caused by different adapting stimuli depends on the degree to which these stimuli are effective at inducing a response. The strength of adaptation is however now known to depend not only on the adapting stimulus, but also on the test stimulus used to measure the responses after adaptation. In general, adaptation reduces the responses to all subsequently presented stimuli, but it is strongest when the test and adapting stimuli are matched. This specificity of adaptation has been observed in the spatial frequency domain (Movshon and Lennie, 1979; Saul and Cynader, 1989a) , in the orientation domain (Marlin et al., 1988; Hammond et al., 1989; Saul and Cynader, 1989a; Giaschi et al., 1993) , and in the temporal frequency domain (Saul and Cynader, 1989b) . The results in monkey V1 also provide some evidence of specificity (Carandini et al., 1997a) .
The intracellular results in cat V1 do not address directly the effects of adaptation on different patterns, because the test stimulus was always the same, a grating drifting in the preferred orientation. Because we varied the contrast of this test stimulus, however, we were able to study the effects of adaptation as the contrast of the test stimulus approaches zero. In this respect, we found that in simple cells the hyperpolarization caused by adaptation was tonic, being strongest when the test stimulus had the lowest contrast (Carandini and Ferster, 1997) . Because a tonic hyperpolarization has the same effect on the responses to any visual stimulus, and the strength of adaptation is known to depend on the particular combination of adapting and test patterns, the tonic hyperpolarization cannot be the sole mechanism underlying pattern adaptation.
Our results with adaptation to plaids provide some clues as to what the additional mechanism or mechanisms underlying pattern adaptation could be. The fact that cross-orientation suppression in some cells is increased by adaptation to the plaid suggests that adaptation affects the interactions between groups of cells tuned to the two orientations. These interactions become more inhibitory or less excitatory after prolonged stimulation with a pattern, the plaid, that evokes activity in both groups.
It becomes thus tempting to propose that pattern adaptation in the primary visual cortex is the result of two mechanisms, one based on a tonic hyperpolarization and the other based on a modification of the connections between specific groups of cortical cells. The effects of the first mechanism would depend only on the pattern used to induce the adaptation, being strongest if the adapting stimulus is optimal in driving the cell, and would decrease the responsiveness of a cell to all visual stimuli. The second mechanism would
